Pseudogap in the Optical Spectra of UPd 2 Al 3 
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The in-plane optical conductivity of UPd2Al3 was measured at temperatures 2 K < T < 300 K 
in the spectral range from 1 cm -1 to 40 cm" 1 (0.14 meV to 5 meV). As the temperature decreases 
below 25 K a well pronounced pseudogap of 0.2 meV develops in the optical response. In addition 
we observe a narrow conductivity peak at zero frequency which at 2 K is less than 1 cm -1 wide 
but which contains only a fraction of the delocalized carriers. The gap in the electronic excitations 
might be an inherent feature of the heavy fermioin ground state. 

PACS numbers: 71.27.+a, 74.70.Tx, 78.20.-e 



The heavy fermion (HF) compound UPd2Al3 is one 
of the few materials which shows coexistence of super- 
conductivity and magnetic ordering [jlj . Susceptibility as 
well as resistivity data indicate the formation of a coher- 
ent state below a characteristic Kondo-lattice tempera- 
ture T* w 20 K; commensurate antiferromagnetic (AF) 
order develops below T N = 14 K, superconductivity sets 
in at T c = 2 K. For 2 K < T < 14 K the electronic spe- 
cific heat shows a C e i/T oc T 2 dependence; the effective 
mass of the charge carriers is estimated as m* /mo rs 50 
jl],U indicating strongly correlated electronic states in co- 
existence with the long-range AF order. It was suggested 
H that two different groups of uranium 5/ states exist 
in UPd2Al3: one group is assumed to be rather localized 
and responsible for the magnetic properties whereas the 
states of another sort are less localized and responsible 
for the superconductivity of the compound. 

Optical experiments have proven to be sensitive to the 
formation of heavy quasiparticles 0. In the HF com- 
pounds above T* the optical conductivity reveals a broad 
Drude behavior which characterizes normal metals. Be- 
low T* the increase in the density of states (DOS) at low 
energies is commonly described by the formation of a nar- 
row Drude-like response with a renormalized scattering 
rate F* pj . The signature of magnetic ordering in the op- 
tical response of heavy fermions was studied in Ref . || . 
In spin-density- wave (SDW) systems like URu2Si2, the 
opening of a single-particle gap in the electronic DOS at 
the Fermi surface is clearly seen in the optical properties 
p,ffl|. No effect of the magnetic ordering was found in 
the infrared response of UPd2Al3 so far. Neutron scat- 
tering results H reveal rather large ordered moments 
which reside predominantly at the uranium sites. Based 
on this experimental evidence, UPd2Al3 was described 
as a local-moment magnet and hence, the magnetic or- 
dering should have only a minor influence on the elec- 
tronic DOS. In this Letter we report on optical exper- 
iments at millimeter-submillimeter (mm-submm) wave- 
lengths which clearly show the development of a pseudo- 
gap in the DOS in UPd2Al3 below 25 K; our preliminary 



study on another film Q showed the same features in 
the optical response; these findings cannot be easily ex- 
plained by existing models. 

The highly c-axis oriented thin (150 nm) film of 
UPd2Al3 was prepared on (111) oriented LaA103 sub- 
strate (thickness 0.924 mm) by electron-beam co- 
evaporation of the constituent elements in a molecular- 
beam epitaxy system [ p~0| . The phase purity and struc- 
ture of the film were investigated by X-ray and reflection 
high-energy electron diffraction. The high quality of the 
film is seen in dc resistivity data displayed in Fig. [I] which 
perfectly agree with measurements of single crystals |jj . 

For the measurements a coherent source mm-submm 
spectrometer was employed JllJ utilizing a set of back- 
ward wave oscillators as monochromatic but continu- 
ously tunable sources. The use of a Mach-Zehnder ar- 
rangement allows for measuring both the amplitude and 
the phase of the signal transmitted through the sample, 
which in our case is a film on a substrate (with the elec- 
tric field E perpendicular to the c-axis) . From these two 
quantities the conductivity u{ui) and dielectric constant 
e(w) of the film are evaluated using Fresnel's formulas 
for a two-layer system Qj without assuming any par- 
ticular model. The optical parameters of the substrate 
are determined beforehand by performing the experi- 
ments on a blank substrate. The large size of the sample 
(lxl cm 2 ) allowed us to extend the measurements to 
very low frequencies, from o;/(27rc) = 40 cm -1 down to 
1.15 cm -1 . In addition, we performed microwave exper- 
iments at 10 GHz using a setup designed for measuring 
superconducting films |13|] . A small slice of a sample 
(4x1 mm 2 ) was placed in the electric field maximum of 
a cylindrical cavity (E _!_ c); we obtain the conductivity 
(Fig. |l]) and dielectric constant from the change in width 
and shift in frequency using cavity perturbation theory. 

In Fig. ^| we present the raw transmission spectra 
for the UPd2Al3 film on the substrate for two selected 
temperatures (100 K and 2 K) which illustrate clearly 
our main finding. The fringes in the spectra are due 
to multi-reflection of the radiation within the plane- 
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parallel substrate acting as a Fabry-Perot resonator for 
the monochromatic radiation |L2| . The distance between 
the peaks is mainly determined by the thickness and re- 
fractive index of the substrate, their amplitude by the pa- 
rameters of the film. At T > 30 K the transmission max- 
ima and minima only slightly depend upon frequency, im- 
plying a frequency independent conductivity and dielec- 
tric constant of the UPd2Al3 film. In contrast, the overall 
transmission for lower temperatures is strongly reduced 
below 10 cm -1 due to absorption within the film. At 
lower frequencies, below 3.5 cm -1 , the transmitted sig- 
nal increases again, indicating an absorption edge. This 
feature can also be seen by looking at the temperature 
dependencies of the transmission and the conductivity as 
plotted in Fig. [l] for several fixed frequencies. 

The conductivity and dielectric constant of UPd2Al3 
are plotted in Fig. || as functions of frequency for dif- 
ferent temperatures. Within our accuracy they are fre- 
quency independent for T > 30 K which resembles a 
low-frequency response of a Drude metal; the value of the 
conductivity agrees well with the dc result. It is clearly 
seen that for low temperatures the optical response of 
UPd2 AI3 differs from that of a renormalized Drude metal. 
The simple Hagen-Rubens relation in general used to ex- 
trapolate the far-infrared reflectivity below 30 cm -1 
totally misses the two features in the mm-submm range. 
First, the optical conductivity <j(lu) clearly shows the de- 
velopment of a minimum below 3 cm -1 at T < 30 K 
with a correspondent pronounced increase of e(cj). We 
ascribe this minimum to the opening of a pseudogap in 
the electronic DOS (see below). This feature gradually 
disappears with increasing temperature and is not seen 
above 30 K. Second, at frequencies below approximately 
1.5 cm -1 the conductivity increases towards considerably 
higher dc values leading to a very narrow peak at u> = 0. 
With the help of our microwave data, we estimate its 
width to be 0.3 cm" 1 at T = 2 K. 

To discuss our findings let us turn back to Fig. |l|. Be- 
low Tn the temperature dependence of the dc resistivity 
of the film can be described using the expression for an 
antifcrromagnet with energy gap E g [|2|,|l4|: 



p{T) = p Q + aT 2 + bT[l 
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Here po gives the residual resistivity and the second term 
indicates the electron-electron scattering. Fitting the dc 
data of Fig. || yields a gap value E„ = 1.9 meV, which 
corresponds to the one reported in ||,[l0|,[l4| . From point 
contact measurements a larger gap up to 12.4 meV was 
suggested pj| . Using thin films of UPd2Al3 recent tun- 
neling experiments in the superconducting and normal 
state Jl6| clearly demonstrate that a reduction of the 
DOS remains in the temperature range roughly up to 
Tn . The existence of a gap in either the electronic DOS 
or in the magnon spectrum was opposed by Caspary et 



al. H and on the ground of infrared measurements by 
Degiorgi et al. jfjj. In the light of the low-energy mea- 
surements presented in this Letter the arguments will be 
reconsidered below. 

To analyze the spectral weight of the optical response, 
we first neglect the pseudogap and describe the mm- 
submm spectra of u{ui) and e(w) in terms of a renor- 
malized Drude response (dotted line in Fig. |^) 
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where the plasma frequency is related to the carrier den- 
sity n and the effective mass m* by uj* — y^Anne 2 /m* . 
At T = 2 K we find uj*/(2itc) w 4300 cm" 1 . Assum- 
ing that the total number of charge carriers remains un- 
changed, sum-rule arguments give uj p /uj* = y/m* /mi, 
where ui v is the unrenormalized plasma frequency and 
rnh the band mass. With uj p /(2irc) = 44 000 cm -1 Q wc 
obtain m*/mt, ~ 105. Using experimental |l7j and cal- 



culated 1 18 1 de Haas- van Alphen spectra we know that 
approximately 35 % of the electrons contribute to the 
HF state, leading to the effective mass of m* /mi, = 40. 

In contrast to the above description by a renormal- 
ized Drude metal, we find clear evidence for a narrow 
pseudogap which develops in UPd2Al3 at low temper- 
atures reducing the spectral weight in the conductivity 
spectrum and correspondingly the plasma frequency uj* . 
At 2 K this reduction amounts in 40% (hatched area in 
Fig. 4) leading finally to the effective mass m* /mi, = 60 
which agrees well with the value obtained by thermo- 
dynamic methods (m*/mo = 41 — 66) pL0], but is 
a somewhat smaller than those got from previous in- 
frared measurements (m* /mi, = 85) ||. The gap value 
can be determined using a semiconductor approach with 
<j(uj) oc u~ 1 ^y?iuj — Eg giving E g w 0.23 meV (solid line 
in Fig. ^J. This value is essentially temperature inde- 
pendent (Fig. ||a) in contrast to the BCS-like tempera- 
ture behavior of the energy gap in superconducting or 
density- wave ground systems. Instead it becomes more 
and more pronounced as the temperature is lowered. 

The most interesting question is the relation between 
the AF ordering and the pseudogap. The fact that we 
also see the gap-like feature above Tn up to 30 K does not 
rule out its connection to the magnetic ordering since an 
incommensurate phase was observed in UPd2Al3 up to 
T w 20 K by neutron diffraction experiments |^|, and a 
maximum of the magnetic susceptibility appears around 
35 K p]]. We want to discuss three possible explanations: 
(i) the pseudogap in the optical response may be related 
to spin-wave excitations; (ii) the formation of a SDW 
ground state may lead to the opening of an energy gap. 
(iii) On the other hand since T* is also in this temper- 
ature range, the gap in the electronic DOS might be a 
property of the coherent HF ground state. 

(i) Inelastic neutron scattering experiments found two 
very-low-energy modes, one at 1.5 meV which is ascribed 
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to spin-wave excitations, and another at 0.4 meV which 
is associated with superconductivity ]lS| ], These modes 
exhibit a strong T and q-dependence. Besides the re- 
sistivity p(T) discussed above, the drop of C e i(T) [QJ|] 
and torque measurement results of the magnetization 
p0{ were also interpreted as being due to the opening 
of a gap in the magnetic excitation spectrum. However, 
we exclude the possibility that the features discovered 
in our low-temperature mm-submm spectra are due to 
purely magnetic absorption since we were not able to 
obtain a reasonable fit of these features by a "magnetic 
Lorentzian" absorption line. We definitely see the devel- 
opment of a gap in the electronic excitation spectra. 

(ii) The low-temperature decrease of the resistivity of 
UPd2Al 3 can be well described by an exponential be- 
havior [Eq. (0)]. The so-obtained gap E g =1.9 meV may 
indicate the formation of a SDW state like in URu2Si2 
0,0- However, the gap energy 0.23 meV obtained from 
our optical results is about an order of magnitude smaller; 
it is also a factor of 20 below the value one would expect 
from mean field theory E g = 3.5A;bTn ~ 4.2 meV. Also 
the comparison of NMR and NQR results for UPd2Al3 
[2| and for the SDW systems URu 2 Si 2 @ and UNi 2 Al 2 
[23 1 does not corroborate the SDW picture for UPd 2 Al3. 
The itinerant antiferromagnetism of a SDW also is at 
odds with the formation of local moment magnetism de- 
duced from susceptibility jjjand neutron scattering || . 

(iii) It was suggested |3j,|l8C that two electronic sub- 
systems coexist in UPd2Al3. One of them is a rather 
localized uranium 5/ state responsible for the magnetic 
properties, the other part is delocalized and determines 
the HF and superconducting properties. From the Lon- 
don penetration depth Xl(0) = 450 nm || we calcu- 
late ]2~i| ] the plasma frequency of superconducting carri- 
ers (27rAi) _1 = 3540 cm -1 and find a perfect agreement 
with u>*/(2irc) — 3500 cm -1 obtained from the spectral 
weight under our mm-submm conductivity spectrum just 
above T c (grey area in Fig. ^). This not only is an inde- 
pendent confirmation of the pseudogap but it also implies 
that all carriers seen in our spectra are in the HF ground 
state and eventually undergo the superconducting transi- 
tion below T c . We can definitely rule out an assignment 
of the gap to the localized carriers of the AF ordered 
states with the delocalized carriers contributing only to 
the narrow feature at lo = because with a plasma fre- 
quency of 1500 cm -1 at low temperatures, it accounts 
for only 18% of the carriers which become superconduct- 
ing. This means that also the excitations above the gap 
stem from the delocalized states and that the pseudogap 
observed in our conductivity spectra is either inherent to 
the heavy quasiparticle state or it is related to magnetic 
correlations of the second subsystem. 

In conclusion, the electrodynamic response of UPd 2 Al 3 
in the low energy range from 0.14 meV to 5 meV (1 cm -1 
to 40 cm -1 ) exhibits a behavior at low temperatures 
(T < 25 K) which cannot be explained within the simple 



picture of a renormalized Fermi liquid. We observe an 
extremely narrow (less than 0.1 meV) Drude-like peak 
at u> = (dashed line in Fig. ||) and a pseudogap of 
about 0.2 meV. The experiments yield indications that 
this pseudogap is not a simple SDW gap but rather is con- 
nected to correlations of the delocalized carriers, and may 
be a general signature of HF compounds. Recent millime- 
ter wave experiments on UPt3 ]25|] which show a peak 
in the conductivity at 6 cm -1 for temperatures below 
5 K indicate a similar scenario. While the finite-energy 
excitations occur at comparable frequency in UPd 2 Al3 
and in UPt 3 , the energy scale of the magnetic order- 
ing is somewhat different, since Tn « 14 K in UPd 2 Al3 
while magnetic correlations are found in UPt3 only below 
5 K (2(| . Investigations of the magnetic field dependence 
which might shine light on this problem are in progress. 
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FIG. 1. Temperature dependence of the dc and ac conduc- 
tivities of a UPd2Al3 film. At Tn the systems orders antifer- 
romagnetically, at T c it becomes superconducting. The solid 
line represents a fit using Eq. (jl|) with the gap E g — 1.9 meV. 
The inset shows the temperature dependence of the transmis- 
sion through film on LaA103 substrate for different frequen- 
cies. Dashed lines are guides to the eye. 



FIG. 2. Spectra of transmission of a 150 nm thick 
UPd2Al3 film on LaAlOs (thickness 0.924 mm) for two tem- 
peratures T = 100 K and 2 K. The periodical maxima are 
caused by interference of the radiation in the substrate. The 
dashed lines connecting minima and maxima are drawn to em- 
phasize the overall frequency dependence of the transmission 
of the film. 

FIG. 3. (a) The conductivity and (b) the dielectric con- 
stant of UPd2Al3 as functions of frequency at several tem- 
peratures. The dc conductivities are shown on the left side 
of the upper panel; the data at 0.33 cm -1 are obtained by 
microwave cavity measurements. The inset shows the optical 
conductivity over a wide frequency range using the data of 
[0. The lines are drawn to guide the eye. 

FIG. 4. Frequency dependent conductivity ct(uj) (dots) 
of UPd 2 Al 3 at T = 2 K. The dotted line shows a fit of the 
data with the renormalized Drude conductivity [Eq. (Q)]. The 
dashed curve is a Drude description of the u) — peak with a 
width of 0.3 cm -1 . The solid line indicates a to" 1 yJUtu — E g 
behavior of the pseudogap used for the absorption edge in 
semiconductors. 
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